1I ntroduction
Since the first break-through publication of air-and moisturestable room-temperature-liquid salts in the beginning of the 1990s, [1] ionic liquids (or "ILs", for short) have attracted tremendous attention from virtually all major fields of chemistry. [2] [3] [4] [5] [6] Like all new "trendy" topics, ILs were expected to be the "solution" for all currently unsolved chemical problems. Soon, all kinds of experiments and syntheticp rocedures-sensible or not-were performed in IL solvents, and for quite aw hile, just using an IL for something safely guaranteed ap ublication in ac hemistry journal.
These days, ILs are typicallya pplied as solvents for chemical transformations, and the huge choice of different ILs has led to the term "designer solvents" (see below). Early examples include all kinds of transition-metal catalysis-often with the twist that ILs are perfect media for biphasic processes. [7] Furthermore, since ILs are relativelyp olar and ionici nteractions are strong, internal pressure effects like the ones knownf or reactions in water (i.e. solvophobic interactions) are also commonly applied. Classical examples include Diels-Alder reactions that show high efficiency,a sw ell as endo selectivity in commonI Ls [8] (Scheme 1). Now in the year 2015, this boom seems to be over.B ut, unlike other trend topics, ionic liquidsa re still here, and they appear to be there to stay.W ek now now that they can be used as solvents for all kinds of chemical transformations. [2, 3, 5, 6] We also quite understand their somewhat unique properties. For example, ILs enable us to dissolve polar and nonpolar moleculess imultaneously, for they can be designed to form regimes of different polarity within one homogeneous phase. (This behavior actually led to an ew debate about the polarity concept and how to measure it. [9] [10] [11] )W eu nderstand the difference in dissolution behavior between simple inorganic salts and ILs as the presence or absence of dispersive interactions. [12] We even know these days that the low vapor pressures of these solvents will not render them "green solvents" per se, since many of them are consideredq uite toxic [13, 14] (Figure 1 ), while others are not. [15] Ar ecent review by Egorova and Ananikov gives an uanced overview of biological systemsf or which an IL may or mayn ot be considered toxic. [16] Within the last 25 years ionic liquids have writtenatremendous successs tory,w hich is documented in an early uncountable amount of original research papers, reviews, and numerousapplicationsi nr esearch and industry.T hese days, ionic liquids can be considered as am ature class of compounds for many different applications. Frequently,they are used as neoteric solvents for chemicalt ansformations, and the number of reviews on this field of research is huge. In this focusedr eview, though, we are tryingt oe valuatet he state of the art of ionic liquid chemistry beyond using them simplya ss olvents for chemicalt ransformations. It is not meant to be ac omprehensive overview on the topic;t he choice of emphasis and examples rather refects the authors' personal view on the field. We are especiallyh ighlighting fields in which we believe the most fundamental developments within the next five years will take place:b iomass processing, (chiral) ionic liquidsf rom natural sources, biotransformations, and organic synthesis.
Scheme1.Early example for the application of ionic liquids" just as solvent". [8] Figure 1. Examples for "toxic" ionic liquids with antimicrobial activity. [13, 14] [a] A. Kuchenbuch, Prof. Dr.R.G iernoth Department für Chemie, Universität zu Kçln Greinstr.4,50939K çln (Germany) E-mail:ralf.giernoth@uni-koeln.de
But aside from the solvent aspect, ionic liquidsf orm af ascinating class of compounds that are utilized in many valuable applications. The major reasonsa re that it is quite easy to "tune" the IL according to the use case (by constructing one that exhibits the wanted properties), and that almost all of them display persistent ionic interactions combined with dispersive forces (the latter of which are completely absenti n "simple" inorganic salts). Recent fields of application even extend this knowledge to using IL mixtures. [17] But more interestingly, the use of ILs as additives-for adapting the solvent's physicalp roperties, as catalysts or auxiliaries, etc.-seems to be more like the current state of the art.
Within this tutorial review (which is more of ap ersonal choice of topics that the authors find important and mentionable, rather than ac omplete in-depth overview) we are trying to evaluate the state of the art of ionic liquid chemistry beyond using them simply as modern solvents for chemical transformations. Consequently,w ea re also leaving out the huge field of electrochemical applications (forw hichi n-depthr eviewsc an be found in the recent literature [5, [18] [19] [20] ), as well as the field of hybrid materials and nanoparticles.
2B iomass Processing
The quest for completely renewable resources has dominated fundamental research in the beginningo ft he 21st century. A huge, yet still largely unused, carbon source is plant waste. The challenge is that crop stems and wood waste consists of lignocellulose-the material that nature chose to render plants as resistantasp ossible.
Lignocellulose is am ixture of cellulose, hemicellulose, and lignin. From chemistry'sp oint of view,l ignin is the mostc hallenging component:acomplex polymer of carbohydrates and aromatics. Since lignin is insoluble in all common organic solvents, its use as source or raw material for the production of valuablesr esembles more the classic oil cracking and refining rather than ac ontrolled synthetic process. [21] Furthermore, cellulose processing, to produce paper,f or example (known as the Kraft process [21] ), is far from being "green" for it utilizes as trongly alkaline solution (known as white liquor) for breaking the bonds between lignin and cellulose. In addition, al ot of volatile sulfur-containing by-products are released into the air.
Interestingly,o nly twentyy ears after Paul Walden described the very first ionic liquidsi n1 914 [22] (he did not use the term "ionic liquid" at that time, though), the first patent appeared in which the use of ILs for the dissolution of cellulose was presented. [23] In this light, the current boom of patentsi nt his area is more than surprising.N onetheless,u ntil recently,t here was apparently no urgent need for sustainable alternatives to dissolve and process cellulose.
These days, the use of ILs for this purpose seems to open up completely new perspectives, [3, [24] [25] [26] [27] forc ellulose is readily soluble in many ILs. Therefore, it is conveniently possible to separatec ellulose from lignin this way.F urthermore, ar oomtemperature liquid homogeneous solution enables all kinds of possibilities for follow-up chemistry.T his way,n ot only paper processing is simplified;m any valuablea nd sustainable bulk chemicals like (bio-) ethanol, g-valerolactone, or 5-hydroxymethyl furfural (HMF) also becomeaccessible (Scheme 2).
3C hiral Ionic Liquids from Natural Sources
Ionic liquids have always been close to all fields of green chemistry.T his has, of course, nothing to do with their (non)-toxicity-many of them are actually knownt ob eq uite toxic (see above). But the factt hat many problems of sustainability in chemical processes are related to solvent issues has led to new ways of thinking about solvents. ILs can be "designed" to be perfect solvents for biphasic processes, and they can hardly evaporate under reaction conditions. Still, from ac radle-tocradle point of view,i ti sn ecessary to consider the origin of these solvents, as well as their fate after having been used. Therefore, ILs being produced from natural sources( sustainable) can be expected to be readily biodegradable, [28, 29] as well as relativelyn ontoxic. [30] The idea to design chiral ionic liquids for application in stereoselectivec atalysis is obvious and was born quite early in IL history. [31] And although only very few examples of chiral solvents for stereoselective synthesis can be found in the literature, hope was high that for ILs, things would be differentd ue to their dominating ionic interactions.T he concept of asymmetric counter-anion-directed catalysis (ACDC) [32] proved that it is principally possible to get high stereoselection by using chiral ions as additivesf or organic transformations. The synthesis of amino-acid-derivedI Ls is well established. [33, 34] Unfunctionalized amino acids can form the anion, as well as the cation of the IL, in combination with all sorts of established IL cations and anions. Amino acids can also be used as the basis for modified ionic structures. What all these examples have in common as the source of chirality is anatural, readily available one. Much to our surprise, the Ananikov group has very recently found that amino-acid-containing ILs are relativelyt oxic, especially with the amino acid as part of the cation. [35] Other sources of natural chirality for ionic liquids include choline, tartrate, lactate, and sugars, [30, 36] but also more esoteric examples like nicotine or ephedrine. [28] As election of representative structures is depicted in Figure 2 . Interestingly,t hese motifs are seemingly more likely to render nontoxic ILs that are readily biodegradable. [37] Armstrong and co-workers have assembled ac omprehensive collection of all sorts of chiral ILs andh ave reported their successfulu se in synthesis. [36] Af ew resultsa re highlighted in the followings ection.
4A pplications in Organic Synthesis
Againsth igh hopes, chiral ionic liquid solvents seem to not be able to induce highl evels of stereoselectivity when used as solvents. Nonetheless,t hey have found their way into chemical synthesis as catalysts and additives.
Not surprisingly,m any (especially early) attempts for stereoselectives ynthesis using ionic liquids were inspired by organocatalysis, af ield of research that developed historically in parallel to the chemistry of ILs. Thus, classical aldol-type conversions were early goals. [38] Whatalso provedq uite successful were the closely related class of Michael additions (Scheme 3), which were easily and efficiently catalyzed by ionicl iquids, especially by ones being derived from l-proline. [39, 40] The example shown in Scheme 3i so ne in which the organocatalyst is covalently attached to an IL cation. In ar ecent review,H eadley and Ni have called this concept ionic-liquidsupported (ILS) catalysis. [41] Apart from this organocatalytic niche,h ardly any convincing example of succesful and sensible or useful stereoselective reactions that use chiralI Ls can be found in the literature.
Classical transition-metal catalysts readilyd issolve in many common ILs. Therefore, it comes as no surprise that organometallic catalysis-especially homogeneous hydrogenation-was amongt he first examples for using ILs as solvents for chemical synthesis. (Scheme 4) . [42] In transition-metal catalysis using unconventional solvents, the fundamentalg oal is to immobilize ah omogeneous catalyst in al iquid phase for easy product separation and efficient catalyst recycling. Sometimes, the organometallic catalyst can also be covalently attached to the ionic liquid, which effectively renders an ionic-liquid transitionmetal catalystu seful withoutt he need for an IL solvent. This way,i ti so bvioust oe xtend the ILS concept to transition-metal catalysis. [41] An insightful example by Geldbach and Dyson, ah ydrogenation catalyst for acetophenone, is shown in Figure 3 . [43] 
5B iotransformations
The ability to fine-tunep olarity and interactions in solution with the help of ILs also has ag reat potentialf or biocatalysis and poses an obvious alternative to protein engineering. Enzymec hemistry is normally limited to aqueous systems, simplyd ue to solubility issues. In biocatalysis, enzymes are used for highly selective organic transformations. The general scope of biotransformations is growing each day,s ince more Scheme3.Ionic-liquid-catalyzed Michael addition reaction. [39] Reagents and conditions:CF 3 COOH (5 mol %), rt, 8h,100 %.
Scheme4
.One of the first historical examples of successfultransition-metal catalysis in an ionic liquid. [42] Figure 3. Ionic-liquid-bound transition-metal catalyst. [43] ChemistryOpen 2015, 4,677 -681 www.chemistryopen.org and more non-natural biocatalytic processes are being discovered.
Enzyme activity in solution has long been connected with (and explained by) the Hofmeister series of ions. [44] Back in 1888, Hofmeister studied the stabilityo fa queous solutions containing egg white protein in the presence of varying concentrationso fd ifferent anions. The results of these experiments led to the so-called Hofmeisters eries of ions (Figure 4 ).
Anions that stabilize the native structure of water are called kosmotropic,w hile structurally destabilizing anionsa re called chaotropic.K osmotropic anions also stabilizet he native structure of ap rotein, since they do not interacts trongly with the protein;c haotropic ones interact with the protein andt herefore destabilize it.
Weingärtner and co-workers have systematically studied the stabilizing andd estabilizing effects of ionic liquids on proteins, very much in line with Hofmeister. [45] These experiments also led to an extension of Hofmeister's series to IL cations.I nterestingly, for cations, everything seems to be "upside down": kosmotropic cations that stabilizet he native structure of water destabilize proteins,w hile chaotropic cations stabilizet he proteins. An overview on the nature of interactions between ILs and small peptides hasbeen assembled by Tietze and co-workers. [46] Based on this knowledge,itseems logical and obvious to exploit the use of ionic liquids as cosolvents with water for biotransformation reactions. Very low quantitieso fI Ls have been reported to substantially enhance biocatalytic processes in terms of stability and selectivity,a lthough currenta pplications seem to be limited (orf ocused) to lipases as enzymes. [47] Only very few biotransformations have already been successfully carried out in neat ILs; [48] as an example, Lozano, Vaultier,a nd co-workersr eportedapronounced stabilization effect of the enzyme a-chymotrypsin in transesterification reactions. [49] Recently,i na nother case, Imhof and co-workersh ave found that oxidative folding of certain cysteine-rich conotoxin peptides went along successfully only in the IL [emim]OAc, although variousother ILs have been tested. [50] In summary,o ne can say that the combination of biotransformations and ionic liquidsh as great potentialf or future applications. To date, unfortunately,g eneral trends or even sensible conclusions are not yet available. [51] Most investigations are still in the earlys tage of development. [52] 
6C onclusions
The chemistry of ionic liquids in the year 2015 is obviously chemistry beyondt he simple neoteric solvent. Surely,I Ls provide am odern "solvent construction kit" with the potential to choose (or "design") exactly the properties that are needed for almosta ny given chemical reaction. But obviously ILs are far more than that, with virtually endless possibilities. Ionic liquids are able to dissolve mixtureso f polar and unpolar substrates in one homogeneous phase, or providet he perfect choice for ab iphasic system. They can dissolve biomolecules for subsequent processing that can otherwise only be processed with the aid of toxic or highly reactive chemicals. They can easily introduce chirality into ag iven process, either as as olvent or-much more frequently by reason of efficacy-as an ionic additive. Thep ossibilities seem endless.
The understandingo fi onic liquid chemistry is currently in as tate in which ak nowledge-drivend evelopmento fI Lp rocesses( rather than at rial-and-error approach) is feasable. Beyondu sing them for chemical synthesis, we already see ILs as technical materials in industry (lubricants, gas absorbants, etc.), so they surely are here to stay.
In the future,w eb elieve we shall see more technical, as well as chemical, applications.W es trongly believe that some of the fundamental challenges in the near future will be tackled using ionicl iqids, including the future of energy sources, sustainability,a nd the production of building-block chemicals from renewable sources.
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